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OQur godl 1is to estaﬁllsh the molecular determinants that account for the pore properties
of ligand~regulated channel properties. We are modeling hypothesized pore forming

structures from acetylcholine receptors using semi~empirical potential energy functionms.

The M2¥ segment of the nicotinic acetylcholine receptor from Torpedo californica is a
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candidate for the channel lining structure. It forms ionic channels in human erythocyte

membranes and in lipid bilayers. Furthermore, we designed and synthesized a tethered
tetramer containing four M2§~oligopeptides. The complete 10l residue protein forms
channels in lipid bilayers with properties that resemble those of authentic cholinergic
receptors. The general walidity of this approach is currently being assesseq,)
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R&T Code: 4414911
DATE: 15 February 1990

ANNUAL PROGRESS REPORT ON CONTRACT N00014-89-J-1469

PRINCIPAL INVESTIGATOR: Dr. Mauricio Montal
CONTRACTOR: University of California, San Diego

CONTRACT TITLE: Channel Protein Engineering: A Novel Approach Towards the
Molecular Dissection Determinants in Ligand-regulated Channels

START DATE: 1 February 1989

RESEARCH OBJECTIVE: Our goal is to establish the molecular determinant of the pore
properties in ligand-regulated channel proteins.

PROGRESS (Year 1):

1. Molecular modeling of the pore forming structures of ligand-gated channel
proteins.

We pursued the modeling of the pore forming structures of two channel proteins with different primary
structures and oligomeric number; namely, the voltage sensitive sodium channel and the nicotinic
cholinergic receptor. Low-energy arrangements of a-helical bundles were calculated by semi-empirical
potential energy functions and optimization routines and were further refined using molecular
dynamics. The ion-conducting pore is considered to be a symmetric or pseudosymmetric
homooligomer of 3-5 amphipathic a-helices arranged such that the polar residues line a central
hydrophilic pathway and the apolar residues face the hydrophobic bilayer interior. The channel lining
exposes either charged (Asp, Glu, Arg, Lys) or polar-neutral (Ser, Thr) residues. A bundle of 4
parallel helices constrained to C4 symmetry, the helix axis aligned with the symmerry axis, and the
helices constrained to idealized dihedral angles, produces a structure with a pore of the size inferred for
the sodium channel protein (area ~ 16 A?. Similarly, a pentameric array optimized with constraints to
maintain Cs symmetry and backbone torsions characteristic of a-helices adopts a structure that appears
well suited to form the lining of the nicotinic cholinergic receptor (pore area ~ 46 A?). Thus, bundles
of amphipathic a-helices satisfy the structural, energetic, and dynamic requirements to be the molecular
structural motf underlying the function of ionic channels.

2. The M25 transmembrane domain of the nicotinic cholinergic receptor forms ion
channels in human erythrocyte membranes.

We examined the notion that a synthetic peptide with the sequence of the M235 segment of the nicotinic
acetylcholine receptor from Torpedo californica forms ionic channels in biological membranes. For
this purpose we selected human erythrocyte membranes and assayed channel formation by determining
both hemoglobin and K* release, Indeed, this peptide forms a permeability pathway with an apparent
cross-sectional diameter of 7-9 A. The M25 pore is oligomeric and a pentamer is the species that
accounts for the properties of the permeation path. Peptides that mimic other identifiable segments of
the Torpedo acetylcholine receptor, M13 and MIR, do not form channels in erythrocytes under the
same conditions.

3. Synthesis of tetrameric synthetic channel proteins was achieved.
We implemented the design principles outlined by Mutter and syathesized iethered ietrwmers containing
the channel-forming domains of the Torpedoe californica acetylcholine receptor (AChR) 8 subunit
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transmembrane segment 2 (M2) attached to a carrier template. The carrier is a nine-aminoacid
backbone with sequence K*KK*PGK*EK"G with K* containing N*-N-zert-butyloxycarbonyl (tboc),

N&.9-fluorenylmethoxycarbonyl (fmoc) to generate four branch points. Oligopeptides are then
attached to template in a stepwise manner at the four base-deprotected lysine sidechains. A parallel
array of the 4-oligopeptides is determined by tethering them to the carrier.

The complete 101 residue protein does indeed form channels in lipid bilayers which reproduce
several features that are characteristic of authentic AChR channels, such as single ¢hannel conductance,
cation selectvity, transitions between closed and open states in the millisecond time range. An
analogue protein, in which the serine residue in position 8 is replaced for alanine in each of the four
M235 23-mer peptides, also forms channels which, however, exhibit lower single channel conductance.
By contrast, a similar tethered tetramer with M13-peptides does not form channels in accord with
expectations. The general validity of this strategy to other channel sequences and oligomeric number is
currently being explored. Thus, this novel class of synthetic channel proteins enriches our
armamentarium directed towards the elucidation of structure-function relationships.

Reprints: Copies of reprints and preprints of research supported by the award are enclosed.

| Accgésion For

NTIS «o©7asl
DIIC Tru

By —_

D;gtribnttnn/

B —
Availay (Vity Coges

AL an/er
Dist | <noaisl




PUBLICATIONS AND REPORTS (Year 1)

Kersh, G.J., J.M. Tomich, and M. Montal. The M25 transmembrane domain of the
nicotinic cholinergic receptor forms ion channels in human erythrocyte membranes.
Biochemical and Biophysical Research Communications 162:352-356, 1989.

Montal, Mauricio. Molecular engineering of channel proteins. In: Membrane Technology
(Roberto Verna, ed.), Raven Press, New York, pp. 9-22, 1989.

Montal, M., M.S. Montal, and J. M. Tomich. Synthesis of a Channel Protein and
Characterization of its Single Channel Properties. Soc. Neurosci. 15 (1):970a. (1989)




e -

Vol. 162, No. 1, 1989 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS
July 14, 1989 ) ) Pages 352-356

THE M28 TRANSMEMBRANE DOMAIN OF THE NICOTINIC CHOLINERGIC RECEPTOR
FORMS 10N CHANNELS IN HUMAN ERYTHROCYTE MEMBRANES

G.J. KERSH®*, J.bM. TOMICH{t and M. MONTAL®*

*Departments of Biology and Physics, University of Califomia at
San Diecgo, La Jolla, CA 92093-0319

tDivision of Mcdical Genetics, Children's Hospital of Los Angelcs,
Los Angeles, CA 90054-0700

Received June 2, 1989

SUMMARY. A synthctic peptide with the sequence of the M23 scgment of the nicotinic acetylcholine
receplor from Torpedo califvrnica forms pores in human crythrocytc membranes as determined by
hemoglobin and potassium release.  This peptide forms a permcability pathway with an apparent
cross-scctional diameter of 7-9 &, The M2§ pore is oligomeric and a pentamer is the species that
accounts for the propenics of the penucation path.  Peptides that mimic other identifiable segments of
the Torpedo acetylcholine receptor, M1S and MIR, do not form channcls in erythrocyles under the
same conditions. © 198y Acadumic Press, Inc.

INTRODUCTION. The nicotinic acetylcholine receptor (AcChoR) of Torpedv californica is com-
posed of four glycoprotein subunits (¢t B, v, 8) with stoichiometry a3y (1, 2). A high degree of
amino acid scquence homology cxists among the four subunits, and all exhibit four putative transmem-
brane regions designated as M1, M2, M3 and M4 (3). In vivo, the AcChoR pentamer acts as a ligand
activated cation channcl (4) with an effective pore diamcter of ~ 7 A (5). The specific assignment of
subunils involved in channel lining has been a subject of intense investigation. Evidence suggests that
M2 is the segment which lines the pore (4, 6-8). Significandy, a synthetic 23-mer peptide with the
scquence of M28 formis ion channels in lipid bilu;'crs with single channel propentics that emulate those
of authentic AcChoR ion channcls (8). Here we provide cvidence of channel fonmnation by the
AcChoR M23 peplide in biological membrancs.

MATERIALS AND METHODS

Peptides. Peptides were synthesiced by solid phasc mcthods on an Applicd Biosystcms mode!
430 peptide synthesieer, purificd by HPLC and sequenced, essentially as previously described (8, 9).
The amino acid scquences of the peptides studied are: M23 - EKMSTAISVLLAQAVFLLLTSQR (8),
M1d - LFYVINFITPCVLISFLASLAFY (8), MIR (a2 scgment of the main immunogenic region) -
VNQIVETNVR (10), and a peptide composcd of 23 serine residues (poly S).

Hemolysis Assay. Hemolysis was assayed according to Tosteson et al. (V1) Bricfly, reonily
outdaind bivod frum the Veweran s Administration Medical Cenier Blood Buan (La Jolla, CA) was
washed three times with 0.3 M sucrose buffer (0.3 M sucrose, 0.01 M Tris-Hepes, 0.001 M EGTA,

The_abbreyiations used are; AcChoR, acetylcholine reeeptor, MIR, main immunogenic region, TFE,
trifluorocthainol, b, hemoglobin,

0006-291X/89  $1.50
Copyright © 1989 by Academic Press, Inc.
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pH 7.4). An crythrocyte suspension was made 1% (v/v), and 2.5 m! samples were uscd for all assays.
Synthctic peptides were dissolved in trilluorocthanol (TEE; Aldrich, Milwaukee, WI) and added to
crythrocyte suspensions with immediate vortexing,  Suspensions were incubated at 22 & 2°C for
desired time periods, whercupon two 1 ml aliquois were withdrawn and layered over (0.1 m) dibutyl-
phthalate (Aldrch, Milwaukee, WI). Samples were immediawcly centrifuged for S minutes in an
Eppendorf Model 5414 centrifuge, and the absorbance of the supematants at 540 nm was recorded.
The effect of equivalent” amounts of pure TFE (5-30 ul) without peptide were subtracicd from the lysis
produced by peptides. Total lysis was obtained by solubilizing erythrocytes with Triton X-100 at a
final concentration of 0.5% (v/v). K* was mecasurcd on a Perkin-Elmer Atomic Absorption Spectropho-
tometer Modcel 5000 (A = 766.5 nm). Supemuatants were combined, and 1 mi aliquots diluted to a final
volume of 5§ ml with distilled water.

RESULTS AND DISCUSSION

Synthetic M28 peptide has hemolytic activity. Erythrocytes suspended in sucrose buffer are
lysed by the synthetic M23 peptide.  Figure 1 illustrates the time course of hemoglobin (Hb) release
produced by three different concentrations of M23. Initially, Hb release increases lincarly with time,
leveling off at a steady state value. K* release from erythrocytes is also a mcasure of cell lysis as
illustrated in Figure 2B. The time courses of Hb und K* release are simifar, although the initial rate of
K* release is faster than that for 1b.

M28 forms channcls in lipid bilayers (8). Therefore, a likely mechanism of lysis is that M26
creates a pore through which the high levels of intracellutar K* exit the cell. Accordingly, K* efflux
generates an osmotic imbalance leading to cell lysis. This model implics that external sucrose is 100
large to pass through the M28 pore. Therefore, sucrose in the buffer was replaced by Tris (at 0.15 M),
and no lysis was obtained (Figs. 1 and 2A). Tris was selected for this assay because it is known to
permeate through both the authentic AcChoR (5) and the M26 pore (8). Presumably, Tris* cquilibrates
with intracellular K*, and no osmotic imbalance is created. The dimensions of Tris* (8& x 78 x 6&)
(12) and sucrose (1 18 x 98 x 8&) (13) predict an cffective cross-scctional diameter of the permeabil -
ity path fonncd by the M28§ pore of 7-9 &, in agreement with the apparent cut-off size of the synthetic
M25 (8) and authentic AcChoR (5) channels.

100 It ) | 1 L Iy 1

80 4 25 M [

60 1

40 -

20 4

Hb Release (%)

-20 4] 20 40 60 80 100 120
time (min)

Fig. 1. Hb release from crythrocytes suspended in sucrose buffer supplemented with M28 at 25 uM
). 15 pM (®), and 7 uM (4). Open circles (O) designate Hb release from crythrocytes suspended in
0.15 M Tris buffer containing M8 (15 pM).
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Fig. 2. Hb rclcase (A) and K* relcase (B) from crythrocytes suspended in sucrose buffer (@, ) or in
Tris buffer (O, ) and exposed to 15 M M25 (@, O) or 15 puM polyserine, n = 23 (&, O).

The M238 pore is oligomeric. A plausible structural model for the ion-conductive pore formed
by M238 postulates a pentamieric array of 5 amphipathic a-helices arranged such that the polar residues
line a central hydrophilic pathway, and the apolar residues interact with the apolar core of the bilayer
(8). Informaiion about the size of oligomeric channels is obtainable from membrane conductance
micasurements in planar lipid bilayers (14). Double logarithmic plots of conductance vs. concentration
of channcl fonming peptide have a slape equal to the number of peptides per channel. Since the rate of
hemolysis is dependent on membrane conductance, a double logarithmic plot of the initial rate of
hemolysis vs. concentration of M28 will have a slope cqual to the size of M28 oligomers involved in
the rate liniiting step of the hemolysis pathway.  Accordingly, Figure 3 shows that the assembly of a
trimer is the rate limiting swep in the formmation of a functional ion channel. Howcver, bascd on Trs
permeability (5, 8), it is likcly that pentamers arc the dominant specics responsible for the M23 con-

ductive porc.

‘ 1 1 i i 1
—~ 0 B
]
2 ]
h
(<23
°
14 -
y = -30926 + 29961x R*2 = 0.998
2 T T M B T -
0.7 08 0.9 1.0 11 1.2

iog [M2], M
Fig. 3. Plot of log (initial rate of hemolysis) vs. log {M25). Initial rates arc initial slopes from a plot

of % Hb release vs. time. Initial raies for S, 10 and 15 uM M25 were determined in duplicate, and
the mean rates were plotted vs. {M25]. Slope of 3.0 was calculaied by linear regression.
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Fig. 4. Hb release from crythrocytes suspended in sucrose bulfer containing 15 pM M25 (@), M18
~ @), or MIR (A).

Specilicity of the assay. 7o iest the specificity of M23 hemolytic activity, synthetic peptides
with sequences derived from other AcChoR structural domains were studied. M1§ (3, 8) is a putative
transmembrane segment (15), whereas the extramembranous synaptic domain of the o subunils con-
tains a hydrophilic scgment- the main immunogenic region (MIR) (10). Neither M1 nor MIR (o)
peptides would be expected 1o be cytolytic, and indeed they show no aclivity when tested under the
sume conditions as M28 (Fig. 4). Figurec 2A,B also show that a polyserine 23-mer has no cytolytic
activity. This is signilicant because serines are postulated to line the polar face of M238 (4, 8) and lack
of cylolysis by polyscrine supports the notion that amphiphilicity is a hallmark of channel forming a-
helices (7, 8). °
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12 CHANNEL ENGINEERING

length sufficient to traverse the width of the bilayer hydrophobic core and
organized as bundles of o-helices provide a structural basis for ion-
conducting channels (12.21,23,30,33,34).

THE VOLTAGE SENSITIVE SODIUM CHANNEL

Given the primary structure of the sodium channel proteins, several
proposals were suggested concerning the folding of the o polypeptide chain
across the bilayer membrane (30,34,48.68,71.73,74). We proposed a model
for the folding of the polypeptide chiin of the sodium channel within the
lipid bilayer (30). It consists of four homologous regions. each containing 8
membrane-spanning structures. probably o-helical. The tertiary structure is
pseudoradially symmetric. The model suggests the existence of four
amphipathic transmembrane helices (1 a-helix contributed by each one of
the four homologous repeats) which meet with their hvdrophilic faces inward
to form a putative ion channel. The central channel created by the boundary
of the four helices would be about 4.2 A across its narrowest dimension. thus
accounting tor the effective cut off size of the sodium channel (37).

The amino acid sequences of seements postulated to be invalved in
channel lining for rat brain [, rat brain {1 (69.70.88), rat brain [1A (2). rut
brain HI (44.91). E. efectricus (T1), and Drosophila sodium channels (8-4.85)
show high degree of homology conservation. We focus here on the structure
and results obtained with a synthetic channe! peptide with sequence
DPWNWLDFTVITFAYVTEFVDL which corresponds to the rat brun [
channe!l segm=nt of homologous repeat | (referred to as Scl1 (30). Secondary
structure predicrors suggest that the main structural feature of the synthetic
peptide is an a-helix (16.19.28.32.86). Since the spacing between residues is
[.5 A in an a-helix. such a segment would be about 33 A long, sufficient to
traverse the hydrocarbon core of the membrane (9.30). Circular dichroism
spectra of the Scl peptide in trifluorethanol show the characteristic features
ol a-helices, namely, the double minima at 208 and 222 nm and the
maximum at {95 nm (14.90). As reported, the synthetic amphipathic 22-mer
peptide Scl, does indeed torm transmembrane ionic channels in lipid
bilayers (77,78). This is illustrated in Figure 2. The single channel
conductance. ¥, recorded in symmetric 0.5 M NaCl at 100 mV, is 25 pS for
the authentic brain sodium channel (35) and 20 pS for the synthetic channel
peptide (77.78). Similar y values are reported {or the authentic electric eel
(80) and rabbit skeletal muscle (24) sodium channels.

It is clear, that the synthetic channel peptide reproduces several features
which are characteristic ol the authentic brain sodium channel, such as the
similarity in ¥, and transitions between the closed and the open state in the
millisecond time range (Fig. 2 and Table ). In contrast, the synthetic channel
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FIG. 2. Single channel currents of the synthetic 22-mer peptide, with the sequence of the rat
brain | sodium channel Sc1 segment incorporated in lipid bilayers. Lipid bilayers were formed
from diphytanoyl phosphatidyicholine at the tip of patch pipets (63,89) in symmetric 0.5 M
NaCl. 5 mM EDTA. 5 mM Hepes pH 7.2. The applied voltage was 100 mV and the records
rere low-pass filtered at 3 kHz (modified with permission from ref. 78).

peptide differs trom the authentic brain channel in lacking discrimination
between Na* and K* jons as well as being insensitive to the applied electric
field (39). This disparity was anticipated from the model which considers
that the pore is conformed ot four distinct amphipathic helices corre« ponding
to the specitic chemical sequences of each of the four repeats. and because
the voltage sensor is assigned to other distinct transmembrane segments of
‘he array (30).

.
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16 CHANNEL ENGINEERING

subunits demonstrated that M2 and the adjacent segment connecting M2 with
M3 exert a profound effect on ion conduction through open AChR channels
(41). These observations provided the clue that M2 was a candidate to be
involved in forming the receptor pore structure (for recent reviews see
17,60).

Figure 4 shows that the synthetic peptide with a sequence that emulates
that of M2§ of the Torpedo AChR (EKMSTAISVLLAQAVFLLLTSQR)
indeed forms discrete channels in lipid bilayers (79). Single channel
conductance histograms indicate that y in symmetric 0.5 M NaCl = 39 pS.
The conductance selectivity ratio is Na*:K+:Tris* = 1.0:1.2:0.18. This
selectivity sequence is comparable to that characteristic of the authentic
AChR channel (Table 1).

[t is evident that this synthetic peptide mimics some features which are
characteristic of the AChR channel (Table 1) v. cation selectivity, and
channel litetimes for both open and closed states in the millisecond time
range (79). The peptide. however. does not repraduce the cholinergic licand-
dependent behavior of the native channel, nor should it he expected to do so.
However, its ability to form discrete channels supports the plausibility that
this segment of the protein may conform the ion conductive pathway of the
AChR channel.

A distinct feature of the single channel recordings obtained with both
svnthetic channel peptides (Table 1), is the occurrence of opening events
with distinct v amplitudes and variable open and closed lifetimes (78,79},
Thus far. our description focused on the most trequent conductance cvents
(Table 1) with ¥ = 20 pS and v = 40 pS for Scl and M2S. respectively
(78.79). However. smaller (v s 10 pS) and larger ( r 60 pS) events are
detected at significantly fower frequency of occurrence. This is illustrated in
Figure 4 where the occurrence of distinct events with v = 20 pS and =40 pS

CLOSED

by ??}_{.i_&z _ }sﬁ.t’ ,.__.J{ P wh
20 nom. " .._ﬂ _,._._}.__ " c r. |
orw | A ;{_;, el Al
80 ms ' r i 5 v S

FIG. 4. Single channel currents of the synthetic 23-mer peptide, with the sequence of the
Torpedo M25 incorporated in lipid bilayers. Lipid bilayers were formed from diphytanoy!-
phosphatidyicholine at the tip of patch pipets (63,89) in symmetric 0.5 M NaCl, 5 mM Hepes,
pH 7.2. The synthetic peptide was dissolved in trifluorethanol (Aldrich, Milwaukee, W) and
added to the aqueous phase, bathing the bilayer to a final concentration of 0.1 ug/ml. The
records were cbtained several minutes after peptide addition. The applied voltage was 100
mV and the records were low-pass filtered at 2 kHz (Myrta Montal and Mauricio Montal,
unpublished results).
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pS for the M23 peptide is clearly discerned. In general, smaller conductances
show larger T, whereas larger events appear in brief bursts of openings
(78.79). This heterogeneity of Y and T, suggests that the nE.S:n_ recorded in
bilayers is the expression of a non-covalently bonded oligomer :E.~ self-
assembles in the membrane to acquire a minimum energy configuration. In
keeping with the AChR subunit stoichiometry and sequence data, E.a noting
the similar g of the synthetic peptide and the purified E:.:.n::n .>OZ~
channel, y = 45 pS) (64) under identical recording conditions, it was
suggested that the recorded channel, with ¥ = 40 pS, arises from a c::&n.om
_x_<a(?_3=o_ o-helices. Indeed, circular dichroism spectra of the M23 vnm:an
in trifluorethanol showed that the predominant secondary structure of the
peptide was o-helical. From the CD intensity at 222 nm the :n:nw_ content
was estimated to be ~ 60% (90). Considering an interaxial helical distance of
9 A. as inferred from crystallographic data of soluble proteins that exhibit a
bundle structure of o-helices (98.36). a pore area of +4 A2 is calculated for a
pentameric array (Fig. 5). Such value is consistent with the estimated >OE~
pore size as inferred from electrophysiological measurements (1.18.38.35:
see Table ).

FIG. 5. Stereo, end-view of pentameric Cs-symmetric array of the 23-mer synthetic M23
peptide. The N-terminus is in the tront and is assigned to the .oS.ov.mm_.:_n Ena, of 5.@
membrane. The a-carbon backbone of the five helices is shown in light blue. Amino acid
sidechains are colored by functional type: basic, blue: acidic, red: polar-neutral, orange; and
lipophilic, violet. The lowest energy structure shown has SB facing the lumen of the pore. The
area of the central pore at its widest extent is 46 A2, (Reproduced with permission from ref.
79).
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Sagiand Mad. Co, 2csion, MA Q211
PRERCLE victohine reeeptor ehannel from muscle is 2
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om culf 3nd aore

A subun, aosidon, has Seaaclons
20 223l Nucleic Agids Rec 16,1933 and
S0 etal, inasvsize [ S5.19%9), Using tne Xetogus Socyte
n svstem, we Rave stucied the single crannal properties of
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"W
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Sy .mpecuiag 2izhz %erraad dela from mouse, in conjunciion with
-

MANA wascmpts from Tt epsilon subunit [njecion of mRNAS
~ezding alpna, Sem, delta, sosilon sudunits resuits ia inward Sureat
s i micToImpenes 3 the MaCToscopic level. Singie channel

azie. 3oen nad Yriefer open timss and nigner
~gas than these Jotined Yy alpha, Sei, gamma and dsha
{3izns, terd 1nd zamma subunit RNAS ssait
I macroscapic swreats. However
e ird epsilon TSI
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i1 sona
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HUMAN GA3A, RECIPTCRS ASSEM3LID FRCM
TIMIINATIONS CF CLONED SUBUNITS HAVE
2 ECTRCPHYSICLOCICAL PRCPERTES

Tt 3 Seraccym dagimng Srapag? Tee Jlgmansd Dana ) dmesacr Jecer Y

Sammy e ®
Plall e d

Mag-Zanck-iasutut (I medmmsehe Forxnung nd M3 H. Hededer, FRG
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2lones sncong 3(, 31, 304 v2 iuduass of e auman JA3A L ez, Chionce
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:3NAs sncoding Ne 21, 31, 10d 72 suoumis (74 = 13 % of peax uter 10 wx.,
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